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Magnetic field sensing is so important that each time when a new magnetic or spintronic phenomenon was discovered there would be an attempt to exploit it for magnetic sensing applications with improved cost-performances. The most notable examples in recent years are the giant magnetoresistance (GMR) and tunnel magnetoresistance (TMR) in ultrathin magnetic/non-magnetic heterostructures.
[1] Together with anisotropic magnetoresistance (AMR), these magnetoresistance (MR) effects have led to a wide range of compact and highsensitivity magnetic sensors for diverse industrial and consumer applications; [2] these sensors are expected to play even more important roles in the rapidly developing internet-of-things (IoT) paradigm and related technologies, [3] which require 100 trillion of sensors by 2030. The latest additions to these fascinating spintronic effects are spin orbit torque (SOT) [4] and spin
Hall magnetoresistance (SMR) [5] in ferromagnet (FM) / heavy metal (HM) bilayers. Taking advantage of these intriguing effects, recently we have demonstrated an AMR/SMR sensor (hereafter we call it SMR sensor considering the fact that SMR is dominant) with the SOT effective field as the built-in linearization mechanism, [6, 7] which effectively replaces the sophisticated linearization mechanism employed in conventional MR sensors. [8] However, as the sensors were driven by DC current, we still faced the same issues as commercial AMR sensors, that is, DC offset and domain motion induced noise. Here, we demonstrate that, by introducing AC excitation, we achieved an all-in-one magnetic sensor which embodies multiple functions of AC excitation, domain stabilization, rectification detection, and DC offset cancellation, and importantly, all these features are realized in a simplest possible structure which consists of only an ultrathin NiFe/Pt bilayer. Such kind of integrated AC excitation and rectification are not possible in conventional AMR sensors. The sensors are essentially free of DC offset with negligible hysteresis and low noise (with a detectivity of 1nT/√ at 1Hz). Through a few proof-of-concept experiments, we show that these sensors 3 promise great potential in a variety of low-field sensing applications including navigation, angle detection, and wearable electronics.
Both SOT and SMR appear when a charge current passes through a FM/HM bilayer.
Although the exact mechanism still remains debatable, both Rashba [9] and spin Hall effect (SHE) [10] are commonly believed to play a crucial role in giving rise to the SOT in FM/HM bilayers. There are two types of SOTs, one is field-like (FL) and the other is damping-like (DL); the latter is similar to spin transfer torque. Phenomenologically, the two types of torques can be modelled by ⃗ = ⃗⃗ × [⃗⃗ × ( × )] and ⃗ = ⃗⃗ × ( × ), respectively, where ⃗⃗ is the magnetization direction, is the in-plane current density, is the interface normal, and and are the magnitude of the FL and DL torques, respectively. [11] Corresponding to the two torques are two effective fields, one is dampinglike ( ) and the other is field-like ( ). On the other hand, the SMR generated in the bilayer is given by −∆ ( ⃗⃗ • ) 2 , where ∆ is the change in resistance induced by the SMR effect, and is the polarization direction of the spin current. When the magnetization rotates in the plane (which is of interest in this work), the total longitudinal resistance is given
, where is the longitudinal resistance and ∆ is the resistance change caused by AMR. For ultrathin FM/HM bilayer, ∆ is typically 2-3 times larger than ∆ . [12] We now consider a Wheatstone bridge with four elliptically shaped elements made of NiFe/Pt bilayer. The dimension, × × , is the same for all the four elements, with a (b) and t the length of long-axis (short-axis) and thickness, respectively. The easy axis is in the long-axis or x-direction, whereas the hard axis is in the short-axis or y-direction. When an AC current, = , is applied to two terminals of the bridge, the voltage across the other two terminals is given by (see Supporting Information Section S1) 
4 where ∆ is the offset resistance between the neighboring sensing elements, ∆ = ∆ + ∆ , is the demagnetizing field, is the uniaxial anisotropy filed, is the externally applied magnetic field or field to be detected in y-direction, and is the ratio between the current induced bias field Hbias, which is the sum of field-like SOT effective field and the Oersted field, and the applied current, i.e., = + = . Although the Oersted field (HOe) from the current is also in the same direction as HFL in NiFe/Pt bilayer structure, its magnitude is generally much smaller compared to HFL. [7] The time-average or DC component of is given by
We can see that, by simply replacing the DC current with an AC current, we obtained two significant results: linear response to external field (Hy) and zero DC offset. It is worth noting that, under the AC excitation, it is no longer necessary to bias the magnetization 45 o away from the easy axis for output linearization, which greatly simplifies the sensor design. The DC offset, if any, caused by process fluctuations, can be effectively eliminated by this technique. It is obvious from Equation (1) that, in addition to DC detection, the same output voltage can also be extracted from the 2 nd harmonic using a standard lock-in technique. In addition to intrinsic linearity and zero DC offset, the AC excitation also effectively suppresses the hysteresis and noise. As we will discuss shortly in experimental section, we are able to completely eliminate the hysteresis and significantly reduce the noise by using the AC excitation technique. It is worth pointing out that such kind of built-in AC excitation cannot be implemented in conventional AMR, GMR or TMR sensors. Figure 1a shows the scanning electron micrograph (SEM) of the fabricated Wheatstone bridge sensor comprising of four ellipsoidal NiFe(1.8 nm)/Pt(2 nm) bilayer sensing elements with a long axis length (a) of 800 μm and an aspect ratio of 4:1 (see Experimental Section).
The thicknesses have been optimized to give the largest SOT and SMR. [6, 7] The spacing (L) between the two electrodes for each element is kept at a/3. As shown in the schematic of Figure 1b , the sensor is driven by an AC current and its response to an external magnetic field (Hy) is detected as a DC voltage. In order to minimize the influence of earth field, both the sensor and Helmholtz coils for generating Hy were placed inside a magnetically shielded cylinder made of 7 layers of -metals. The AC current serves as both the source for an AC excitation field and the sensing current. Figure 1c shows the response of the sensor to an external field swept in a full loop, i.e., from -0.5 Oe to +0.5 Oe and then back to -0.5 Oe in ydirection. The root mean square (rms) amplitude and frequency of the applied AC bias current density are 5.5 × 10 5 A/cm 2 and 5000 Hz, respectively. The current density was chosen such that a linear response with maximum sensitivity is achieved near zero field, though frequency is less critical (Supporting Information Section S2). Since ultrathin NiFe is very soft, the dynamic range of the sensor is essentially determined by the shape anisotropy. [6, 7] We chose a field range such that the magnetic bias can be readily achieved using the SOT effective field with a reasonably small bias current, which is about 0.8 Oe at a current density of 10 6 A/cm 2 for NiFe (1.8 nm) / Pt (2 nm) bilayer. [7] It is apparent from Figure 1c that the response curves for forward and backward sweeping almost completely overlap with each other, indicating a negligible hysteresis even in a full field range sweeping.
Another important characteristic to note is that the DC offset is nearly zero, as expected from Equation (2). As shown in the inset, with fine tuning of the bias current, the offset can be suppressed to nearly zero (below 1 μV in this case and is limited by the electronics). The sensitivity extracted from the response curve is about 1.17 mV/V/Oe, which is comparable to the sensitivity of commercial AMR sensors (0.8 ~ 1.2 mV/V/Oe) despite its ultrathin thickness.
Thermal stability is of great importance for practical applications. To evaluate temperature sensitivity of SMR sensor, we measured the temperature dependence of SMR 6 and AMR for one of the sensing elements of the bridge sensor, and the results are shown in Figure 1d . From the figure, we can observe that SMR ratio is much less sensitive to temperature than AMR; the latter drops about 66% from 250 K to 400 K, whereas the former,
i.e., SMR, remains almost constant. For NiFe (1.8 nm)/Pt (2 nm) bilayer, the SMR is about two times larger than that of AMR, or in other words, around 2/3 of the MR signal comes from the SMR, and 1/3 is from AMR at room temperature. Therefore, the SMR sensor is less sensitive to thermal effect compared with conventional AMR sensors. Besides environmental temperature fluctuations, heating due to the bias current may also affect the stability of the sensor. In order to examine if there is any heating effect, we performed AC field sensing experiment for the same sensor whose quasi-static field response is shown in Figure 1c Hz. The sensor output voltage was monitored continuously for the entire duration. Figure 1e shows the sampled waveforms at zeroth, 1 st , 2 nd , and 3 rd hour for a duration of 50s. As can be seen, there were no visible changes in both the amplitude and DC offset throughout the 3hrs
duration. In order to analyze the sensor's stability more quantitatively, the average amplitude and offset of every 70 cycles were extracted from the raw data and their changes with respect to the initial values normalized by the signal amplitude are plotted in Figure 1f as a function of time. It turned out that both changes are very small; the signal amplitude changes by 0.15% throughout the 3hrs measurement period, while the offset varies about 0.25%. For comparison, we performed the same measurements for commercial HMC1001 AMR sensor (note: for a fair comparison, the measurements for both sensors were conducted without additional offset compensation). The signal amplitude change within the same duration is about 0.4%, but the initial DC offset is 83% which fluctuates around 3% throughout the 3hrs measurement duration (see Supporting Information Section S4 for more details). These results demonstrate clearly the excellent thermal stability of AC biased SMR sensors. hour for a duration of 50s, in response to a sinusoidal AC magnetic field with an amplitude of 0.1 Oe and a frequency of 0.1 Hz applied in y-direction; the data are extracted from the measured waveform for the entire duration of 3 hours. During the measurement, the sensor was biased by an AC current with a rms density of 5.5 × 10 5 A/cm 2 and a frequency of 5000 Hz. f) Extracted changes of average amplitude and offset of every 70 cycles normalized by the initial value of signal amplitude as a function of time.
We now turn to the noise characteristics and detectivity of the sensor biased by both a DC and AC current (see Supporting Information Section S5 for the measurement setup). Figure 2a shows the detectivity of the sensor (the same sensor in Figure 1 ) under DC and AC bias at different frequencies. The root-mean-square current density of the AC bias was fixed at 5.5 × 10 5 A/cm 2 for different frequencies and is the same as the DC current density. The DC biased sensor exhibits a detectivity of about 2.8 nT/√Hz at 1 Hz. In comparison, the detectivity for AC biased sensor is about 1 nT/√Hz at 1 Hz, at all bias frequencies from 500
Hz to 100 kHz. The detectivity for AC biased sensor is constantly smaller from 0.1 Hz to 1000 Hz when the bias frequency is above 5 kHz. The increased noise level above 50 Hz for bias frequency at 500 Hz is caused by inadequate filtering of the AC signal from DC output in the measurement setup, as manifested by the large peak at 500 Hz. These noises can be readily reduced by employing a properly designed low-noise filter.
The noise at low frequency is dominated by 1/f noise, which in the case of magnetic sensors, generally consists of a non-magnetic [13] and a magnetic component. [14] The former originates from resistance fluctuations, while the latter is commonly attributed to thermally induced domain wall nucleation and motion [15] which can be described in terms of the fluctuation-dissipation (FD) relation for magnetization. [16] The power density of 1/f noise in the Wheatstone bridge SMR sensor can be described phenomelogically as: [17, 18] , which is related to the energy dissipation rate. In the present case, since the biasing field is generated internally by the SOT effect, the eddy current loss can be ignored and hysteresis loss is presumably dominant. If we use the Rayleigh model to describe the hysteresis loop, the loss angle can be expressed as: [20] 4 arctan( ) 3
where  is Rayleigh constant that characterizes the hysteresis, Hs is the saturation field and measurements on a single sensing element under both DC and AC bias from which the hysteresis loops are extracted at different current densities. To obtain a clear hysteresis loop, the external field was swept along x-axis. Figure 2c compares the measured coercivity field (Hc) for a NiFe(2)/Pt(2) sensing element. The NiFe thickness was slightly increased from 1.8
nm to 2 nm in order to improve the signal-to-noise ratio of MOKE data. Here, Hc is the average of the positive and negative coercivity fields. To exclude thermal effect as the main cause for change in hysteresis, the rms current density of AC bias was set as the same of the current density for DC bias at each measurement. As can be from the figure, the Hc decreases with the increase of current density in both cases; however, the decrease in AC bias is more pronounced and it is nearly zero at _ = ~1 × 10 6 A/cm 2 . Since the average power generated by the AC and DC current is the same, thermal effect can be excluded as the main cause for the much larger decrease in hysteresis in the AC bias case. Instead, the results can be understood qualitatively as caused by the presence of multiple domains inside the large sensing element. In the case of DC bias, the bias current generated an SOT effective field in y-direction. If the sensing element is single domain, the hysteresis will decrease quickly when the current increases based on the Stoner-Wohlfarth model. However, the decrease will not be as pronounced as in the single domain case when the sample has multiple domains, particularly when the SOT effective field is small. This may explain the results for DC biasing shown in Figure 2c . However, the situation becomes different in the case of AC biasing because in this case the SOT effective field oscillates in y-axis, resulting in a rotating overall field when the sweeping field in x-direction is small. This effectively suppresses the hysteresis due to multiple domains. To have a quantitative understanding of the difference between the two cases, we have simulated the M-H loop of a multi-domain ferromagnet using the macro-spin model with both a constant and time-varying bias field (Supporting Information Section S6). Figure 2d shows the simulated Hc at different jPt_rms values.
Although the exact shape of the two curves does not follow the experimental ones, the decreasing dependence on current density can be reproduced, and indeed Hc in AC biased M-H loops is much smaller, in particular at high current densities. Combing the experimental and simulation results, we can conclude that the noise reduction in AC biased sensors is due to diminishing hysteresis caused by AC excitation. Therefore, we have an all-in-one magnetic sensor which features built-in excitation, diminishing hysteresis, low noise, zero offset and extremely simple structure. With all these novel features, we are ready to demonstrate a few proof-of-concept potential applications. Angle detection is one of the major applications for magnetic sensors, including TMR, GMR and AMR sensors. For this purpose, generally a large rotating magnetic field is used to saturate the magnetization of the active layer, i.e., sensing layer in AMR and free layer in 
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TMR and GMR sensors, in the field direction. This would lead to a sinusoidal output voltage against the angle between the external field and the sensor's reference direction. The output waveform evolves one period for every 360 o rotation for TMR and GMR, whereas it evolves 720 o for AMR sensors (see Figure S7 ). Therefore, in order to measure the rotation angle, typically two TMR or GMR sensors are required, whereas in the case of the AMR, besides the two AMR sensors, a Hall sensor is also required in order to measure the rotation angle in 360 o . In the case of SMR sensor, since the output voltage is proportional to Hy, its angle dependence should be similar to that of TMR and GMR. As the SMR sensor only has a single sensing layer without a reference, instead of saturating the magnetization in the field direction, we measured its response to a small rotating field. To this end, we placed the SMR sensor under two in-plane external field (one in x-and the other in y-direction) generated by two pairs of Helmholtz coils in a magnetically shielded cylinder. When AC currents with a same amplitude but a phase difference of /2 are applied to the two pairs of coils, a rotating field is generated with its direction rotating continuously in the plane (see inset of Figure 3a) .
Here, H0 is the amplitude of the rotating magnetic field and φ is the angle between the rotating field and x-direction. By controlling the current amplitude and frequency, we can accurately control the amplitude and step-size of the rotating field. The experimentally measured output voltage as a function of φ under H0 = 0.1 Oe is shown in Figure 3a , together with the fitting curve to a sine function. It shows clearly that the output voltage from the SMR sensor exhibits an angle dependence similar to those of TMR and GMR, even though the SMR sensor has only a single magnetic layer. In order to estimate the angle resolution of the SMR sensor, we swept the field angle back and forth within the range of 0.1° and with a step size of 0.01°(upper panel of Figure 3b ) and recorded the output voltage as a function of time (lower panel of Figure 3b ). The clear output signal demonstrates that the SMR sensor is able to distinguish an angle difference of 0.01°, which is better than or comparable to most 16 commercial angle sensors. [21] For actual applications, in order to suppress the influence of earth or environmental field, the sensor may be partially shielded so that the sensor will only respond to the field generated by the rotating magnet, as in most existing applications.
Compared to other types of MR sensors, one has more flexibility in controlling the spacing between the sensor and the magnet considering the low-field angular sensitivity of the sensor.
The high angular sensitivity of the sensor at low-field makes it promising for detection of small rotational vibration of an object. As a proof-of-concept experiment, we attached a SMR sensor consisting of a NiFe(1.8 nm)/Pt(2 nm) bilayer on a small breadboard together with a commercial gyroscope device (ADXRS622 from Analog Devices), as shown in Figure 4a . The electric wires for the two sensors were twisted together and fixed at pivot point to form a simple pendulum which is able to have both translational and yaw motion.
The ADXRS622 comes with a preamplifier whereas the SMR sensor is just a bare 
Experimental Section
The sensor was fabricated on SiO2/Si substrate, with the NiFe layer deposited first by evaporation followed by the deposition of Pt layer by sputtering. The base and working pressures of sputtering are 2 × 10 -8 Torr and 3 × 10 -3 Torr, respectively. Both layers were deposited in a multi-chamber system without breaking the vacuum. An in-plane field of ~500 Oe was applied during the deposition of NiFe to induce a uniaxial anisotropy in the long axis direction. The sensing elements were patterned using combined techniques of photolithography and liftoff. Before patterning into bridge sensors, thickness optimization was carried out on single sensing element and coupon films by both electrical and magnetic measurements. From these measurements, basic properties such as magnetization and magnetoresistance were obtained. Magnetic measurements were carried out using a Quantum Design vibrating sample magnetometer (VSM) with the samples cut into a size of 3 mm × 2.5 mm. The resolution of the system is better than 6×10 -7 emu. All electrical measurements were carried out at room temperature.
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